Reference evapotranspiration (RET) plays an important role in the terrestrial hydrological cycle. Applying the Penman-Monteith method, the RET over Mongolia was estimated from 1980 to 2006. The changing trends and magnitude of RET were detected by the Mann-Kendall test and Theil-Sen's slope methods. Meanwhile, aridity indices were estimated using two different indices. The impacts of meteorological variables on RET were assessed through sensitive analysis by comparing the resulting RETs from artificially disturbed meteorological variables. The results indicated that the RET for 16 stations in Mongolia showed an increasing trend, particularly in the center and south. The calculated RET was higher than precipitation, which means severe droughts in Mongolia. The spatial patterns of RET are significantly influenced by climatic conditions as well as characteristics of the underlying surface (e.g., elevation and vegetation). The mean annual RET decreased from the south to the north, owing to sparse vegetation in the south of Mongolia. The sensitivity analysis revealed that the changes of RET were strongly affected by air temperature and relative humidity.
Introduction
Evapotranspiration is used to describe the water cycle part of water loss from land surface into the atmosphere by the processes of both transpiration and evaporation, which plays an important role in the energy exchange processes between land and atmosphere. Therefore, evapotranspiration is considered as one of the indicators of climate and has great influence on the spatiotemporal changes of ecological hydrology. Reference evapotranspiration (RET) is defined as the atmospheric evaporation demand on a reference surface, which is a hypothetical grass reference crop with a height of 0.12 m, fixed surface resistance of 70 s/m, and an albedo of 0.23 [1] . The RET assessment is the effective basis for estimating water demands of agricultural irrigation. As reported in previous studies [2, 3] , there is a complementary relationship between RET and actual evapotranspiration. Thus, it is necessary to provide accurate determination of RET for agricultural water management.
Direct RET measurements are difficult to obtain; thus, numerous estimation methods have been developed, such as Penman-Monteith (P-M), Priestley-Taylor, and Hargreaves methods and the Makkink equation [4, 5] . These models were derived either through field experiments or theoretically, which can be classified into groups such as temperature-based, radiation-based, and combination-based groups according to climatic parameters. Temperature-and radiation-based methods are beneficial for less input data, but the disadvantages are that local calibration is required and they do not account for aerodynamic resistance. In some specific regions where meteorological data is scarce and incomplete, it is necessary to adopt simplified models incorporating available meteorological data. The P-M method was modified to account for varying reference surfaces by the Food and Agriculture Organization of the United Nations (FAO), which has several advantages similar to those of the lysimeters method under different conditions. The FAO P-M method is a predominantly physical based approach and 2 Advances in Meteorology combines energy balance with mass transmission equation [6] considering resistance factors [7] . Also, the FAO P-M method provides some procedures that could solve the problem of the availability of climatic parameters to estimate RET [8, 9] . Vicente-Serrano et al. [10] compared the FAO P-M method with eleven other methods to analyze the spatiotemporal changes of RET and assess the uncertainties associated with those methods. Heydari et al. [11] compared and evaluated 38 equations for RET in arid regions. Feng et al. [12] compared extreme learning machine, genetic algorithm, wavelet neural networks, and empirical RET models. These studies consistently show that the FAO P-M method is considered to be the most appropriate model to calculate the RET, which can be globally used, and has been widely tested under a broad range of climate conditions [13] [14] [15] . Talaee et al. [16] analyzed the RET trend on a seasonal and annual timescale by applying various statistical tools over Iran. Croitoru et al. [17] used the FAO P-M method to calculate RET with meteorological data from weather stations in Romania. Based on an overall analysis of the FAO P-M method and existing data, the FAO P-M method is a good choice to estimate RET in this study.
The spatial-temporal distribution of RET is extremely sensitive to climate change [18] . It is thus very important to understand the changes of RET under climate change for sustainable crop management. Some studies used the Mann-Kendall (M-K) test to analyze the temporal trends of RET estimated by the FAO P-M method [19] [20] [21] [22] . The results show that RET trends differed regionally due to the effects of the regional climate. Mossad and Alazba [23] and Shadmani et al. [24] simulated the temporal variations of RET under an arid climate, while Gocic and Trajkovic [25] and Jhajharia et al. [26] calculated and analyzed the trends of RET under a humid climate. These studies indicated that change trends of RET might be different in similar climates and also might be similar in different climates. Therefore, for a specific region, it is necessary to figure out the contributions of climatic variables to regional RET variations. McVicar et al. [27] used different methods to study RET sensitivity to meteorological variables. Gong et al. [28] found that RET was most sensitive to relative humidity. Wang et al. [29] found that the downward changing trend of RET in the Heihe Basin of northwest China is mainly due to altering wind speed and relative humidity. Jhajharia and Singh [30] studied the contributions of meteorological variables to RET and attributed the RET decrease to decreased air temperature, wind speed, and solar radiation. Ambas and Baltas [31] found that the sensitive variables for RET, such as air temperature, wind speed, relative humidity, and solar radiation, differed as the spatiotemporal scales changed.
Mongolia is located in the center and east of Asia, which is characterized by an arid and semiarid climate. The evapotranspiration power is rather strong. The relatively sparse vegetation cover, weak field water capacity, and strong evapotranspiration jointly result in water shortages in Mongolia. In this study, the RET was estimated by FAO-56 P-M using the meteorological data in Mongolia and its changing trends and spatial distribution were analyzed. Meanwhile, drought conditions and the influence of meteorological variables on the RET were identified.
Study Regions and Data Resource
Mongolia is adjacent to China to the south and Russia to the north. [30] [31] [32] [33] [34] [35] ∘ C in the summer and the lowest is about −45 ∘ C in winter. Permafrost is located in northern Mongolia. Land cover includes alpine meadows, aboriginal forest steppe, grassland, and desert from the north to the south. The area of the desert is large, accounting for about a quarter of the national territory.
The FAO P-M method was used to estimate the daily RET and requires daily variable meteorological data such as air temperature, wind speed at 2 m, maximum and minimum air temperature, solar radiation, and vapor pressure. The last two variables can be estimated from the duration of bright sunshine and relative humidity, respectively. Air temperature, daily wind speed, relative humidity, atmospheric pressure, and precipitation from 1980 to 2006 were obtained from 16 available meteorological stations with international general meteorological observation instruments in Mongolia. Figure 1 shows the locations of these meteorological stations, and Table 1 lists the names, location, elevation, and land cover for each station. The sunshine hour data used to calculate daily solar radiation was downloaded from ECMWF (http://www.ecmwf.int/) because of the lack of observed sunshine hour data. Land cover and normalized difference vegetation index (NDVI) data only covered the period from 2001 to 2006, which was provided by NASA MODIS production. (1) . Considering the seasonal and annual changes of the RET because of the influence of climate change, monthly, seasonal, and annual RET series were analyzed and discussed in the study, which were formed by accumulating the daily RET:
Methods
where 0 is daily reference evapotranspiration (mm d −1 ); is daily net radiation at the crop surface (MJ m
; is mean daily air temperature at 2 m ( ∘ C); 2 is mean daily wind speed at 2 m (m s −1 ); is mean saturated vapor pressure (kPa), which can be calculated from the air temperature; is actual vapor pressure (kPa) derived from relative humidity data; ( − ) means the saturation vapor pressure deficit (kPa); Δ is the slope of saturated vapor pressure curve (kPa ∘ C −1 ); and is the psychrometric constant (kPa ∘ C −1 ). The daily net radiation data is derived from shortwave radiation with the duration of bright sunshine (hours per day). The net shortwave radiation resulting from the balance between incoming and reflected solar radiation is given by (3) . The rate of longwave energy emission is proportional to absolute temperature of the surface raised to the fourth power. This relation is expressed quantitatively by the StefanBoltzmann law as presented in (4). Net radiation is the difference between incoming net shortwave radiation and outgoing net longwave radiation; hence,
where is shortwave radiation (MJ m
; is actual duration of sunshine (hour); is maximum possible duration of sunshine or daylight hours (hour); is extraterrestrial radiation (MJ m
; is the regression constant, expressing the fraction of extraterrestrial radiation reaching the earth on overcast days ( = 0); and ( + ) is the fraction of extraterrestrial radiation reaching the earth on clear days ( = ). Where no actual solar radiation data are available and no calibration has been carried out for improved and parameters, the values = 0.25 and = 0.50 are recommended.
is net shortwave radiation (MJ m Advances in Meteorology to net radiation, particularly when the surface is covered by vegetation and the calculation time steps are 24 hours or longer, the soil heat flux may be ignored and = 0 in this study.
The aridity index represents the dryness condition and can be derived from precipitation and RET. The dry degree AI is one of the most frequently used methods, which is expressed in
where 0 is reference evapotranspiration and is accumulative precipitation. The closer the AI is to one, the drier the climate is in the study area. The de Martonne index (mm/ ∘ C) is another commonly used aridity index taking monthly values of precipitation and air temperature but without considering 0 as presented in
where and are monthly total precipitation (mm) and air temperature ( ∘ C), respectively. The drought condition can be observable when the index is less than 30 mm/ ∘ C and severe drought may occur when it becomes less than 20 mm/ ∘ C.
Trend Change Detection.
The Mann-Kendall test [32, 33] is a nonparametric method to identify trend change within variables. This method has been used in other studies that aimed to understand trends in the time series of climate variables such as precipitation, runoff, and evapotranspiration for a long term, as long as they are independent of each other [34] [35] [36] . The magnitude of the trend can be estimated by ThielSen's slope [37, 38] . We applied the M-K test for detecting change trend in RET. The test statistic is estimated by
where denotes individual data values; denotes total number of data; sgn is a signal function as defined in (5) .
The statistic is normally distributed when > 10. The variance (Var) of is given in
where is the number of ties of extent . The test statistic therefore can be estimated by (10) . Positive indicates an increasing trend, and vice versa:
The Thiel-Sen approach was used to estimate the slope of changing RET. The advantage of this method is that it limits the influence of the outliers on the slope in comparison with the linear regression. In (11) , is the estimated trend slope of the given data series:
3.3. Sensitivity Analysis. Air temperature, relative humidity, wind speed, and sunshine hours are important parameters in the FAO-56 P-M method and their contributions to RET may be different. Furthermore, unused precipitation also affects the variations of RET. Thus, correlation and sensitivity analyses were performed to assess the impact of meteorological variables on RET. Nine series of RETs were first generated from different groups of meteorological (observed and artificial) datasets. The original RET series was calculated from the observed meteorological variables, and the extra RET series are from eight groups of artificial meteorological variables. The first four groups were generated by removing the trend of each meteorological variable individually while keeping the others constant. Taking air temperature as an example, we calculated the average value and substituted it for real observations. Then, the replaced air temperature together with other observed meteorological variables constitutes one group of artificial meteorological variables. The other three groups could be generated in the same manner. The second four groups were generated by evenly increasing the value of each meteorological variable by 10% while keeping the others unchanged. Comparing the eight series of estimated RETs with the original one, the influence of meteorological variables on RET could be quantitatively assessed using monthly and annual trends and correlation coefficients. The RET shows an increasing trend over the past 27 years in Mongolia and is likely to keep increasing in the near future. These findings are consistent with the results of other studies. Mu et al. [39, 40] developed a globe evapotranspiration algorithm which was used to produce the MODIS evapotranspiration dataset, which reported different change trends of RET across the world and rising RET in Mongolia. The GDAS-based RET was evaluated to be a reliable dataset [41] , in which the average RET in Mongolia is estimated to be about 4 to 5 mm per day in July, quite similar to the intensity of about 150 mm in July as presented in Figure 2 .
Results and Discussion

Variations of RET and Aridity Indices.
Spatial-Temporal Variations of RET.
There are distinct regional differences of land cover from NASA MODIS production in Mongolia from the north to the south. Also, there was almost no change of land cover during 2001 to 2006 (Table 2) ; thus, land cover data for only 2006 is presented in this study (Figure 3 ). More than one-quarter of land area in Mongolia is barren or desert in the south. Vegetation in northern Mongolia increases, which is dominated by grasslands ( Table 2 ). The area of waterbodies is very small and cannot be a main source of evaporation. Evapotranspiration in barren or desert areas is just from the soil water without transpiration from vegetation. If there was enough soil water, evapotranspiration in barren or desert areas would be huge. This means that RET in barren or desert areas is much more than in areas covered by vegetation or buildings. The distribution of average annual air temperature is presented in Figure 3(a) . The average annual air temperature in the south is about 5 ∘ C and below 0 ∘ C in the north. The annual air temperature decreases from the south to the north, while vegetation cover increased from the south to the north. Without the influence of vegetation, the average annual air temperature in the south with barren or desert areas is much higher than that in the north (Figure 3(a) ). Gerelchuluun and Ahn [42] used the Weather Research and Forecast model to attain air temperature distribution from 1981 to 2010 with the limited station network in Mongolia. It was also discovered that air temperature in the south was higher than that in the north. The effects of the combination of climate and land cover result in different distributions of RET as seen in Figure 3(b) . The magnitude of mean annual RET at the same land cover is similar, which is 850-950 mm in barren or desert areas and 750-850 mm in grasslands. The mean annual RET in the south with high air temperature and no vegetation is much larger than that in the north, denoting adequate water supplement. Surface coverage influences meteorological variables, which changes the distribution of RET. Thus, although there are almost no stations in the north, the results of distribution condition of RET in Mongolia may be accepted. Elevation and latitude are important factors impacting the change of RET. The RET declines with the ascent of latitude and elevation ( Figure 4 , Table 3 ). The slope values of trend lines are −19.9 and −34.45 for the change RET with the ascent of latitude and elevation, respectively. The declining trend of RET with the ascent of latitude is much clearer than that of RET with the ascent of elevation. The most distinct change of RET with the ascent of elevation and latitude appears in summer ( Figure 5 ). There is almost no influence for the change of RET with the ascent of elevation and latitude in winter. The trend changes of RET in spring and autumn are similar with the ascent of elevation and latitude. Air temperature is the main influencing factor for the change of RET, as it may decline with the ascent of elevation and latitude leading to the declining trend of RET.
The seasonal and annual change of climate and vegetation in Mongolia determined the similar change characteristic of RET. Thus, the trend changes of RET are detected by the M-K test on annual and seasonal scales at the stations on a nationwide image of the NDVI distribution. The relationship between RET and NDVI is complex as presented in previous studies [43, 44] . The correlation between RET and NDVI is not significant. It thus confirms that the effects of NDVI Advances in Meteorology and land cover on RET are complex and nonlinear in nature.
Considering the large variations of Theil-Sen's slope values in different periods, the legends in Figure 6 were not fixed in order to better distinguish the changes of RET at each station.
On both annual and seasonal scales, the RET increased at most stations in the middle of Mongolia. The increase of RET on an annual scale is presented in Figure 6 (a), and the distinct upward trends of annual RET at some stations in the center and south of Mongolia are the most significant. Figures  6(b) , 6(c), and 6(d) indicate upward trends of RET at stations in the center and south of Mongolia for spring (FebruaryApril), summer (May-July), and autumn (August-October).
In particular, there is only one station in the middle of Mongolia with decreasing RET in autumn, while multiple stations show decreasing RET in spring and summer. It may be the effects of the decreasing NDVI that could lead to possibly much more soil water supply for increasing RET. However, the maximum , indicating the largest increment, occurs in summer as result of the highest air temperature. In winter (November-January in next year), the RET is Figure 6 . The most statistic values ( and ) at sites are positive on a seasonal and annual scale, which illustrate consistent upward trends of RET in Mongolia. The average annual value is 2.65 which shows a slow increase of RET over the past 27 years. It was found that there are larger and values in warm seasons (summer and autumn). It is clear that the upward trends are faster in warm seasons, due to high air temperature and a high proportion of rainfall in these seasons. Moreover, the slope values in summer are the largest among those in all seasons but positive is also found at most stations in autumn. This means that summer has some rapid increases of RET, while autumn has slow increases but larger area upwards of RET.
Variations of Meteorological Variables and Correlations to
RET. The RET is influenced by meteorological variables as well as surface conditions such as distance from the ocean, land cover, and topography. In Mongolia, the difference of these factors causes diverse RET spatial distributions. The change characteristic of RET and meteorological variables are closely related. The impact of meteorological factors on RET is the most direct, which is concerned in terms of environment change and agriculture management, and so forth. In Figure 7 , the annual changes of RET and related meteorological variables from 1980 to 2006 are presented, while statistic results of the correlation analysis on seasonal and annual scales are presented in Table 4 . Distinct increases of RET are found as well as air temperature and solar radiation. The high positive correlation coefficient of RET and air temperature indicates that air temperature was the main reason for the increases of RET over the past 27 years. The upward trend of solar radiation was important to Advances in Meteorology Statistical results of the correlation analysis show that RET is negatively correlated with relative humidity and precipitation. On an annual level, the correlation between RET and precipitation is the most significant, although precipitation was not the parameter of the FAO P-M method. The RET is larger than precipitation in amount and positively correlates with precipitation on a monthly scale, but with differing monthly amplitudes (Figure 2(a) ). A negative correlation is high between precipitation and RET on an annual scale. The correlation coefficient of precipitation and RET reaches −0.648 at the significant level of 0.01. When peaks of annual RET appear, relative low value of precipitation was found ( Figure 7) . The annual RET has increased over the past 27 years but precipitation did not increase. This implies that precipitation is not the main factor leading to increasing RET but is strongly related to variations of RET. The correlation coefficients of RET with relative humidity, air temperature, and precipitation were maximal of over 0.8 in summer. Also, the correlation coefficients of RET with wind and sunshine hour were found to be maximal in spring, although those maximal coefficients are lower than 0.8.
The relationships between RET and all meteorological variables were analyzed by Irmak et al. [45] in detail. It was found that RET is significantly and inversely correlated to precipitation and relative humidity and positively correlated to air temperature, vapor pressure deficit, and solar radiation. These results are consistent with our aforementioned findings. Overall, there are different contributions of meteorological variables to RET on an annual level.
Impacts of Meteorological Variables on RET.
The original and newly generated RETs data series are presented in Figures  8(a)-8(d) on monthly and annual scales. Figures 8(a) and 8(b) display the original RET (series 5) and generated RETs by removing the trends from selected climatic variables, that is, relative humidity (series 1), air temperature (series 2), wind speed (series 3), and sunshine hour (series 4). TheilSen's slopes are 2.44, 0.26, 2.76, and 2.56, respectively, for the generated RETs, that is, with the trend removal cases of relative humidity, air temperature, wind speed, and sunshine hour, while the slope is 2.86 for the original RET. The smaller the slope of the generated RETs, the larger the difference of between the original and generated RETs. This indicates that the change of the generated RET with the smallest slope is the most significant and the influence of corresponding climatic variable on RET is also the greatest. It can be clearly found that there are prominent differences in slope between the original RET and generated RETs with air temperature trend removed. This indicates that air temperature strongly influences RET. Without the trend change of air temperature, the upward trend of generated RET became the slowest compared with other generated RETs by removing the trends from other climatic variables. The peak of the generated RET with air temperature trend removed appears earlier (Figure 8(a) , series 2), and RET in warm seasons decreased sharply but had slight increases in cold seasons. Air temperature data became a constant after removing the trend change of air temperature, which led to no peak of air temperature in a year and contributed to increases of air temperature in cold seasons and decreases in warm seasons. The generated RET of air temperature also decreases by half compared with other generated RETs (Figure 8(b) , series 2), which implies that air temperature is important to the amplitude of RET. This indicates that the influence of air temperature without trend change to RET was abated greatly. The variations of generated RETs with other trend-removed variables (relative humidity, wind speed, and sunshine hour) are relatively not distinct compared with the original RET. There was almost no change in cold seasons for the generated RETs of relative humidity (Figure 8(a) , series 1), wind speed (Figure 8(a), series 3) , and sunshine hour (Figure 8(a) , series 4). In warm seasons, generated RETs peaks had a small drop and the generated RET of relative humidity had a larger drop early in the warm seasons than that of wind speed and sunshine hour. The slope b value of generated RET with relative humidity trend removed is smaller than those with wind speed and sunshine hour, while its changing trend is larger than wind speed and sunshine hour (Figure 8(b) ). This indicates that relatively humidity has a noticeable effect on RET in comparison with wind speed and sunshine hour.
Figures 8(c) and 8(d) show absolute differences between the original and the other generated RETs by adding selected climatic variables by 10% increments, that is, relative humidity (series 6), air temperature (series 7), wind speed (series 8), and sunshine hour (series 9). The differences between the original and another generated RET with increased air temperature by 10% are the largest in warm seasons, with a sharp rise in summer (Figure 8(c), series 7) . The maximum differences occur between the original and generated RET with increased relative humidity (Figure 8(c) , series 6) in cold seasons (spring and winter). This implies that in warm seasons the influence of air temperature on RET is the greatest, and in cold seasons the influence of relative humidity is the greatest. On an annual scale, the changes of generated RET with increased relative humidity (Figure 8 (c), series 6) are the greatest, followed by air temperature (Figure 8(c) , series 7), wind speed (Figure 8(c) , series 8), and sunshine hour (Figure 8(d), series 9 ). The relative humidity with 10% increment caused the most increases of RET, which indicates that the RET is the most sensitive to the size of relative humidity.
It can be concluded that relative humidity and air temperature exerted stronger influences on RET over the past 27 years while they exerted weaker influences in terms of wind speed and sunshine hour. Moreover, the RET is the most sensitive to the trend change of air temperature and the size of relative humidity.
Conclusions
In this study, the RET was calculated by the FAO P-M method in Mongolia from 1980 to 2006. The trend changes of RET for 16 stations on annual and seasonal scales were detected by nonparametric Mann-Kendall trend test and Theil-Sen's slope, respectively. The impacts of meteorological variables on RET were further analyzed. Significant upward trends have been detected in Mongolia over the past 27 years. The spatial pattern of RET is closely related to surface conditions such as vegetation indicated by NDVI. The highest RET is found in the south characterized with barren soils or deserts due to less vegetation influence and sufficient water supplement in local places. These results demonstrate that maximum changes for these stations occurred in center and south Mongolia. The analysis of RET data for these stations according to latitude and elevation was performed, which shows distinct latitude-belt and altitude-belt distribution of RET. The RET is strongly correlated with meteorological variables, especially with relative humidity and precipitation, and the magnitude is strongly influenced by air temperature. In addition, aridity indices and the small amount of precipitation imply severe drought in Mongolia. The results of these studies provide baseline for agriculture irrigation systems. On account of the limited and sparse stations and incomplete meteorological data, remote sensing data with high spatiotemporal resolution will be needed for the accurate study of RET. In future studies, physical models such as SEBS and TSEB, combined with remote sensing, will be considered to estimate and predict RET for a long term and for larger regions.
